Abstract. In this paper, the study of ferromagnetic nanoparticles behaviour in the constant magnetic field is carried out. For numerical simulation we have used Euler-Lagrange two-component approach. Using numerical simulation we have studied the growth of deposition of nanoparticles on the channel walls depending on the Reynolds number and the position of the magnet. The flow pattern, the concentration field and the trajectory of nanoparticles as a function of the Reynolds number were obtained. The good qualitative and quantitative agreement between numerical simulation and experiments was shown.
Introduction
One of the promising directions in the treatment of cancer may be the use of magnetic nanoparticles [1] [2] [3] . The essence of this approach is that the magnetic nanoparticles of sizes of 5-100 nm are injected into the bloodstream and concentrated in the tumor by an external magnetic field. Further, nanoparticles are heated in the tumor either by laser radiation or electromagnetic alternating fields. This leads to the death of cancer cells. The minimum harm is caused to healthy cells. At present, the effectiveness of this approach has been confirmed by many experiments on animals and humans during the treatment of cancer. There are lots of works study of nanoparticles transport in the magnetic field in the channels [1] [2] [3] [4] . There are so much unresolved problems and issues related to transfer mechanisms, concentration and heating of nanoparticles in fluids and tissues, and their control under the influence of external electromagnetic fields.
In this paper, we conducted the numerical simulation of ferromagnetic nanoparticles behavior flowing in the liquid in the round pipe in the constant magnetic field.
Detailed description of the experimental study is presented in the paper [5] . The round channel is a glass tube with the inner diameter of 6 mm and the length of 50 cm. The tube is connected with a pump and a container with liquid. We used gear pump WT30001JA to pump the liquid. The permanent neodymium magnet 50x30x10 mm in size is fixed under the glass tube. Magnetic induction of the constant magnetic field was measured by milliteslameter TPU. Distilled water with the nanoparticles was pumping through the tube. The particles interacted with the magnetic field and deposited on the tube wall.
Investigation of particles deposition process was conducted in the ferromagnetic fluid based on distilled water contained the nanoparticles Fe3O4. Volumetric concentration of particles was very low (10 -4 %). The size of the nanoparticles was 50 nm.
Mathematical model
The numerical simulation of nanoparticles transport in the constant magnetic field has been carried out. We used two-component model of nanofluids to describe the motion of nanoparticles in the magnetic field. This model considers the nanofluids as a binary mixture of base fluid and nanoparticles. The equations of this model are as follows:
where ρ -density of nanofluid, v -velocity vector, p -pressure, T -viscous stress tensor, Fm -electromagnetic force, Cm -mass flow rate of nanoparticles, vp -particle velocity, Ddiffusion coefficient, µ -dynamic viscosity, E -single tensor. Volumetric electromagnetic force is found using the following formula:
where φ -volume concentration, µ0 -magnetic constant, χ -magnetic susceptibility of the material, H -magnetic field.
The particle velocity is calculated using the following formula:
where Vd -volume of the particle, rp -radius of the particle.
Density and heat capacity are computed as follows:
We have to add equations of magnetostatics to obtain a closed system of equations. Component of the magnetic field around the magnet can be found by the magnetic field vector potential: The equation of the magnetic field vector potential in the absence of vortex is as follows:
where R B -residual magnetic induction which is equal to zero everywhere except the region occupied by the magnet.
The magnetic field intensity can be found using the following formula:
Numerical results
The problem statement was the same as experimental study [5] . The computational domain was represented as the round channel with the inner diameter of 6 mm and the length of 50 cm. Computational mesh consisted of half a million nodes.
Numerical simulation of nanoparticles transport in the constant magnetic field are carried out for various Reynolds numbers. The flow patterns in channel without a magnetic field are shown in figures 1-2. As you can see nanoparticles move strictly along the streamlines. They do not deposit on the wall of the channel. Velocity vector field in the channel and trajectory of nanoparticles are shown in figures 3-4. Large deposits of particles are formed on the channel wall. The numerical results correlate with the experimental data. This can be seen in figure 5 . You can also see that the interaction of the magnetic field with the particles flow leads to formation of the flow recirculation zones. The deposits are formed in the flow recirculation zones. In this case nanoparticles move like it is shown in figure 4 . It shows that at low flow rate all the nanoparticles deposit on the channel walls. The higher the Reynolds number, the more complicated the flow. The shape of the vortex region has changed near the channel wall (see fig. 6 ). The deposits form has also changed. However, the numerical simulation reproduces perfectly the shape of deposition obtained during the experiment. 
Conclusion
The study of ferromagnetic nanoparticles behaviour flowing in the round channel with the liquid in the constant magnetic field was carried out. To simulate the transport of nanoparticles in the magnetic field a novel Euler-Lagrange combined two-component approach was used. The verification and adaptation of mathematical models of magnetic nanoparticles transport under the influence of external electromagnetic fields based on the experimental data was performed. The numerical results were compared with experimental data. Good qualitative and quantitative agreement is obtained between numerical simulation and experiment. In future it is planned to measure the velocity profiles for these regimes using particle image velocimetry (PIV) method.
